Basic real-time programmable image-processing operations are accomplished by use of acousto-optic ͑AO͒ cells. Instead of frequency-plane filters, the AO cells are placed directly behind the object. The onedimensional edge-enhancement results with one AO cell can be improved by use of two AO cells that are placed in tandem with contrapropagating sound. The dominant second-derivative operation obtained from the transfer function of the undiffracted order works like a one-dimensional Laplacian operator that enables improved edge enhancement.
Introduction
Edge-detection techniques have been used widely in digital image processing such as image enhancement, image segmentation, shape matching, etc. In digital image processing edge detection can be realized in either the spatial or the spatial-frequency domain. The spatial-domain methods operate directly on the image pixels. 1 The first-derivative and secondderivative functions are two important methods of achieving edge detection in the spatial domain. The first-derivative operation can be represented as 
and it is executed by various gradient operators, such as the Sobel mask ͑operator͒. 2 First-derivative methods suffer from the disadvantage that they respond erratically on the rampintensity profile. The second-derivative methods overcome this problem because they can determine whether a pixel lies on the dark or the light side of an edge, and therefore edge detection is accomplished by determination of the locations of zero crossings. 3 The second-derivative function is often realized by the Laplacian operator:
Image processing in the spatial-frequency domain ͑k x , k y ͒ is straightforward; it involves computing the Fourier transform of the image to be processed as F͑k x , k y ͒ ϭ F͕ f ͑x, y͖͒, multiplying F͑k x , k y ͒ by a filter transfer function H͑k x , k y ͒, and taking the inverse Fourier transform to produce the processed image g͑x, y͒ ϭ F Ϫ1 ͕H͑k x , k y ͒ F͑k x , k y ͖͒. Because edges are associated with high-frequency components, edge detection can be realized in the spatial-frequency domain by a high-pass filtering process that reduces the low-frequency components of the original image.
Acousto-optic ͑AO͒ devices are based on the elastooptic effect. The applied sound signal changes the refractive index of the AO medium, which generates a phase grating. The phase grating produces one ͑Bragg regime͒ or multiple ͑Raman-Nath regime͒ diffracted light beams.
AO devices play an important role in optical signal and image processing. AO modulator and deflector devices find a multitude of applications because they can impart the time-varying electrical information to light waves in real time. 4 The frequency-shifting property of the diffracted light is used in optical heterodyne applications that lead to the use of AO cells in image correlators. 5, 6 AO cells were used by Mait et al. 7 in the Fourier plane as a dynamic spatial filter, resulting in morphological erosion and dilation operations. AO cells were also used by Balakshy 8 to broad-cast images into undiffracted and first diffracted orders.
More recently, image edge enhancement derived from high-pass spatial filtering in the image plane was achieved in the undiffracted order during Bragg diffraction by Banerjee et al. 9 and Xia et al. 10 Their approach was based on the selection of plane waves with chosen directions of propagation. Previous investigations based on this principle for spatial filtering include the study of Case 11 ; however, in our case the spatial filtering occurs in real time and is programmable, since we use a dynamic electronically addressable grating in an AO device. In Ref. 11 it was reported that a fixed thick hologram in dichromated gel was used to demonstrate one-dimensional ͑1-D͒ differentiation. In this paper we also address the issue of asymmetric edge enhancement seen when one AO device is used. We observe and explain this effect as well as provide a means of alleviating this problem by using two AO cells with contrapropagating sound. By contrapropagating sound we mean that the two AO cells have traveling waves of ͑ultra͒sound in opposing directions. The use of a Fabry-Perot etalon for image processing was investigated by Indebetouw. 12 Most recently the use of thick holograms for spatially filtering laser beams was demonstrated by Ludman et al. 13 To explain the high-pass filtering characteristics of the undiffracted-order image physically, we can directly use the angular plane-wave spectrum concept. When a complex optical field is incident on an AO cell at the nominal Bragg angle, various spatial Fourier components corresponding to different spatial frequencies of the incident field can be identified as various plane waves traveling in different directions about the Bragg angle. The diffraction efficiency of the plane waves traveling nearer to the Bragg angle ͑corresponding to the lower spatial frequencies͒ is higher than that of the plane waves traveling at a larger deviation from the Bragg incidence angle ͑cor-responding to the higher spatial frequencies͒. Hence the diffracted order shows low-pass characteristics, and the undiffracted order exhibits high-pass filtering as a result of energy conservation.
In this paper we theoretically as well as experimentally report the improvement of 1-D edge enhancement by using two AO cells in tandem with contrapropagating sound waves. In Section 2 a brief summary of 1-D edge enhancement by use of one AO cell is presented. Then improvements after using two AO cells are shown in Section 3. Section 4 concludes the paper.
Edge Enhancement with One Acousto-Optic Cell
As stated in Refs. 14 -16, the interaction in an AO cell can be represented by its transfer functions in the spatial-frequency domain. When at Bragg incidence, inc ϭ Ϯ B , and there are only the zeroth undiffracted order and minus-plus first diffracted orders, as shown in Fig. 1 . The spatial transfer functions for the undiffracted orders in these two cases are derived as Numerical simulation results demonstrated in three-dimensional ͑3-D͒ intensity-distribution format by use of one AO cell. The square input object has 1-mm sides, unit intensity, and Q Ϸ 28: ͑a͒ Asymmetric edges visible at ␣ ϭ 0.85. ͑b͒ For ␣ ϭ 0.6, one of the two vertical edges can hardly be distinguished. Fig. 3 . Schematic diagrams illustrating the second-derivative effect: ͑a͒ Square input object field distribution. ͑b͒ Optical field after the first derivative with a zero constant term. ͑c͒ Optical field after the second derivative with a zero constant term. ͑d͒ Optical intensity after the second derivative with a zero constant term showing the well-defined double peaks near each edge. ͑e͒ Optical intensity after the second derivative but with a small nonzero constant. ͑f ͒ Optical intensity after the second derivative but with a large nonzero constant.
where the plus sign between the cosine and sine terms applies to the case of inc ϭ ϩ B and the minus sign applies to inc ϭ Ϫ B , Q ϭ ͑2L͒͞⌳ 0 2 is the Klein-Cook parameter, ␣ represents the peak phase delay and is proportional to the sound pressure, L is the interaction length, ⌳ 0 is the sound wavelength, is the light wavelength in the AO medium, k 0 denotes the propagation constant of light in the AO medium, and k x denotes the spatial frequency of the diffracted light along the transverse ͑x͒ direction. The propagational diffraction effect through the length of the AO cell is represented by the phase term exp͓ j͑k x 2 L͞ 2k 0 ͔͒. The second part of the phase-term exponential in Eq. ͑3͒ ͑the linear term in k x ͒ gives rise to a shift in the position of the pattern in the far field. The remaining terms in Eq. ͑3͒ characterize the AO interaction process. Equation ͑3͒ therefore shows that, in essence, the propagational diffraction effects are decoupled from the AO interaction process.
The numerical calculations of the spatial transfer functions are performed with the computer. We have published the details in Ref. 9 . The results show that, under certain conditions, the transfer function for the undiffracted order exhibits high-pass filtering properties and the transfer function for the first diffracted order exhibits low-pass filtering characteristics. Also, these high-and low-pass filtering characteristics are programmable in real time by variation of the peak phase delay ␣. Under our experimental conditions of a Klein-Cook parameter of Q Ϸ 28, the values of ␣ are restricted to the range of less than , and when ␣ Ͼ 0.6 the undiffractedorder transfer function exhibits high-pass ͑edge-enhancement͒ filtering characteristics.
We can explain the phenomenon of high-pass spatial filtering theoretically from the transfer function as shown in Eq. ͑3͒. As mentioned above, the first exponential term in Eq. ͑3͒ is the propagational diffraction term. One can exclude it by properly setting the experiment up, as stated below. The second exponential term in Eq. ͑3͒ is related to the spatial position shift and is inconsequential to the analysis, regardless of whether it is included. Under our experimental conditions, ͉͑k xmax Q⌳ 0 ͒͞4͉ Ͻ Ͻ ͉␣͞2͉; therefore the undiffracted-order transfer function can be expressed as
where the plus sign represents the case of inc ϭ ϩ B and the minus sign represents the case of inc ϭ Ϫ B , A Ϸ cos͑␣͞2͒, and B Ϸ ͑⌳ 0 ͞4͕͓͒sin͑␣͞2͔͒͑͞␣͞2͖͒. From the Fourier transform property we have F x ͕͓‫ץ‬f ͑x, y͔͒͞‫ץ‬x͖ ϭ Ϫ jk x F x ͕ f ͑x, y͖͒, so the amplitude of the undiffracted order E 0 after the AO cell can be written approximately as
where E inc ͑x, y͒ is the optical field incident on the AO cell. The signs in Eqs. ͑5͒ are consistent with those
We point out that our approximated expressions ͑4͒ are different from the corresponding expression in Ref. 11 because of the regime of ␣ that we use in our experiment. Therefore the effect of the AO cell on the undiffracted order is just like edge enhancement by a 1-D gradient operator in digital image processing, as explained above. However, unlike digital image processing, this edge enhancement takes place in real time and the amount of enhancement is programmable, since the ␣ of the AO cell can easily be changed by variation of the sound pressure.
Improvement of Edge Enhancement with Two Acousto-Optic Cells

A. Theoretical Analysis
It is found from our experimental results and numerical simulations that edge enhancement with one AO cell is not symmetric, i.e., with a square input object the intensities of the square's two vertical edges, for instance, are not equal. The numerical simulations for ␣ ϭ 0.85 and ␣ ϭ 0.6 are shown in Figs. 2͑a͒ and 2͑b͒, respectively, for a square object with sides of 1 mm. The numerical simulations show that the asymmetry is an effect of the first term on the RHS in Eqs. ͑5͒ that cannot be ignored completely. In our previous paper 9 only the brightness profile of the edges was shown, and the asymmetry did not appear in the numerical simulations because the magnitude of the transfer function was used. To reduce this asymmetry we used two AO cells that are placed in tandem with contrapropagating sound waves. If an object is incident on the first AO cell at ϩ B , the undiffracted beam after the first AO cell is then incident on the second AO cell at Ϫ B because of the contrapropagating sound wave. Then from Eqs. ͑5͒ and Fig. 1 the complex optical field of the undiffracted order after the first AO cell can be approximated as (6) and the undiffracted optical field after the second AO cell can be expressed approximately as
where A 1 , A 2 and B 1 , B 2 are the same functions as A and B, respectively, but the terms ␣, Q, and ⌳ 0 in the relations for A and B are the parameters of the first and second AO cells, respectively. From Eqs. ͑6͒ and ͑7͒ the undiffracted optical field after the two AO cells can be written as Edge detection can be accomplished by determination of the locations of the zero crossings of the double peaks on both sides of the edges. Furthermore, the undiffracted-order beam profile can be programmed by the value of the constant term, which varies with the sound intensity of both AO cells. This phenomenon can be explained by use of the 1-D schematic diagrams shown in Fig. 3 . With a zero constant term and for a square object, as shown in Fig. 3͑a͒ , the optical field after the first derivative can be approximated as shown in Fig. 3͑b͒ . The optical field responsible for the second-derivative operation ͓see the last term on the RHS in Eq. ͑8͔͒ is shown in Fig.  3͑c͒ . The zero crossing between the double peaks near the edges appears in the intensity profile ͓see Fig. 3͑d͔͒ , and edge detection is performed by determination of the location of the zero crossing between the double peaks.
Unfortunately, the A 1 A 2 term in Eq. ͑8͒ cannot always be equal to zero in practice. To simulate the effect of the nonzero constant term, we add various positive values of the constant to the last term in Eq. ͑8͒. Figures 3͑e͒ and 3͑f ͒ show two examples of the intensity profiles with two different values of the constant. For a range of values we see that the welldefined double peaks are deformed. As the value of the constant increases from zero to the maximum peak value of the optical field profile in Fig. 3͑c͒ , the outer peaks in the intensity profile, which indicate the dark side of each edge ͑see paragraph two in Section 1͒, become increasingly lower, and two zeros appear near each edge ͓Fig. 3͑e͔͒. If the value of the constant exceeds the maximum peak value of the field shown in Fig. 3͑c͒ , the outer peaks disappear and valleys appear instead ͓Fig. 3͑f ͔͒. If the value of the constant is small compared with the maximum peak value of the field shown in Fig. 3͑c͒ , the edges can still be identified by determination of the location of the zero crossing between the double peaks near each edge ͓see, e.g., Fig. 3͑e͔͒ . However, when the constant term is near to or larger than the maximum peak value ͓e.g., Fig. 3͑f ͔͒, only the symmetric inner peaks are evident, and they actually show the light side of each edge ͑see paragraph two in Section 1͒. Therefore we can realize edge detection by locating the brighter side of each edge.
B. Experimental Results
The experimental setup is shown in Fig. 4 . A He-Ne laser ͑ ϭ 633 nm͒ is the light source. A square transparency with 2-mm sides is used as the object. Lenses 1 and 2 are used to decrease the effective object size by a factor of 2. The first AO cell is placed immediately behind the image plane of the lens 1, 2 combination. It is an IntraAction Model AOM-40 with a carrier frequency of 40 MHz. The AO interaction length is approximately 62.5 mm. The AO medium is flint glass with a refractive index of 1.68, and the sound velocity in the material is approximately 3.96 km͞s. The second AO cell is similar to the first but with a contrapropagating sound wave. The iris in the back focal plane of lens 3 is used to select the undiffracted order for display. Lenses 3 and 4 are used to image the object exactly on the CCD detector array of a Spiricon laser beam analyzer; two convex lenses with focal lengths of 150 and 100 mm are used for lens 3 and lens 4, respectively. Therefore the propagational diffraction effect between the AO cell and the CCD camera ͑which, as explained in Section 2, includes diffraction through the AO cell but is decoupled from the interaction process͒ has been taken into account.
The sound frequencies of the two AO cells are selected to be slightly different to overcome overlap diffraction, which is described in detail below. The sound frequencies of the first and the second AO cells are approximately 55 and 68 MHz, respectively. Because the two AO cells have different sound frequencies ⍀ 1 and ⍀ 2 ͑corresponding to wavelengths ⌳ 1 and ⌳ 2 , respectively͒, the Bragg angles of the two cells ͑ B 1 and B 2 ͒ are different too. To allow the undiffracted order after the first AO cell E 0 ͑1͒ to be incident on the second cell at an angle of B 2 , we need to rotate the z axis of the second AO cell by ⌬ B ͑⌬ B ϭ B 2 Ϫ B 1 ͒ to zЈ, as shown in Fig. 5 . Therefore the diffracted order E Ϫ1 ͑1͒ after the first AO cell is incident on the second cell at an angle of ͑ B 2 Ϫ 2⌬ B ͒, and its diffracted order E Ϫ1 ͑2͒ after the second cell propagates in the direction shown in Fig. 5 . As is clear from Fig.  5 , the orders E 0 ͑2͒ and E Ϫ1 ͑2͒ propagate in different directions. Note that, if the two AO cells have the same sound frequency, ⌬ B will be equal to zero. From Fig. 5 we can see that in this case E 0 ͑2͒ and E Ϫ1 ͑2͒ will propagate in the same direction and have different frequencies, which complicates analysis and detection and thus was not considered in the above theory.
The experimental results showing the edge location at the zero crossing of the double peaks at ␣ 1 ϭ ␣ 2 Ϸ 0.85 are shown in Fig. 6͑a͒ . For ␣ 1 ϭ ␣ 2 Ϸ 0.6, the zero crossings of well-defined double peaks are no longer visible ͓Fig. 6͑b͔͒, but the symmetric bright side of each vertical edge is evident. The results agree well with the theoretical explanation advanced in Subsection 3.A and with the numerical simulations based on theory, as shown in Figs. 6͑c͒ and 6͑d͒. More on the numerical simulations follows in Subsection 3.C. The corresponding experimental results at ␣ Ϸ 0.85 and ␣ Ϸ 0.6 for one AO cell are shown in Figs. 7͑a͒ and 7͑b͒ , respectively. We can see that, at higher values of ␣, the intensities of the two edges shown in Fig. 7͑a͒ are not the same and that at lower values of ␣ one of the two vertical edges can hardly be distinguished. Therefore the edge-enhancement results are improved greatly by use of two AO cells.
C. Note on the Numerical Simulations
On the basis of the experimental conditions described in paragraph one of Subsection 3.B, the Klein-Cook parameter Q is approximately 28. A discrete Fourier transform method is used to simulate the experiment. The undiffracted-order transfer function for Bragg incidence is multiplied by the angular planewave spectrum of the square input object to derive the spectrum of the processed image at the exit of the AO cell. The inverse Fourier transform of the exit spectrum is equivalent in shape to the field pattern at the CCD detector ͑which is placed at the back focal plane of lens 4͒.
For responding to the experimental results shown in Figs. 7͑a͒ and 7͑b͒, respectively. Figures 6͑a͒ and  6͑c͒ show edge detection by means of locating the zero crossings of the double peaks. The corresponding 3-D intensity distribution is shown in Fig. 8͑a͒ . Also, Figs. 6͑b͒ and 6͑d͒ show the two symmetric light-side vertical edges of the square input object, and the corresponding 3-D intensity distribution is shown in Fig. 8͑b͒ . After comparing Figs. 8͑a͒ and 8͑b͒ with Figs. 2͑a͒ and 2͑b͒, we can see that the asymmetry has almost disappeared and symmetric edge enhancement can be obtained at a lower peak phase delay ␣ by use of two AO cells.
Conclusions
A novel, to our knowledge, programmable optical image-processing technique with two AO cells has been introduced. Two AO cells that are placed in tandem with contrapropagating sound at slightly different frequencies are used to improve the results obtained with only one AO cell. Numerical simulations have verified the experimental results. Extension of this technique to two-dimensional image processing is possible by use of four AO cells.
